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Abstract. After a hundred years of searching for the origin of cosmic rays, where and how they 
are made has finally become clear. Here we briefly trace that odyssey through both astronomical 
observations and cosmic ray measurements.
INTRODUCTION
In 1934 in a pair of truly prescient papers [1] Baade and Zwicky charted the course 
of the quest for the origin of cosmic rays. There they identified a powerful new class 
of novae, that they called “super-novae,” and suggested that these were the explosive 
collapse  of  the  most  massive  stars,  the  O  and  B  stars,  into  hypothetical,  highly 
compact remnants, that they dubbed “neutron stars.” They further suggested that these 
most powerful supernova explosions were the source of the cosmic rays, and as a test 
of the idea they predicted that the cosmic rays would include heavy elements. As we 
now know, they were right on all counts.
For indeed, core collapse supernovae produce more explosive power than any other 
known sources in the Galaxy and an order of magnitude more power than that required 
to produce the Galactic cosmic rays. With a Galactic supernova rate of 1 every ~ 30 
years, ~ 85 % of which are core collapse of massive stars [2], each releasing ~ 1051 
ergs in ejecta and shocks, they generate ~ 1042 ergs/s. While the cosmic rays with an 
energy density of  w ~ 10-12  ergs/cm3 in a Galactic volume, V, and a mean Galactic 
residence time,  τ,  require a power Q ~ wV/ τ,  or ~ wcM/x ~ 1041  ergs/s, where x ~ 
ρτc, with the velocity of light, c, the mass of Galactic gas of M ~ 2x1043 g, or about 10 
% of the mass of the Galaxy, and the mean cosmic ray path length of x ~ 5 g/cm2 as 
determined by cosmic ray spallation. Thus the Galactic cosmic rays can be produced 
by supernova shocks, if they gain ~ 10% of the shock energy. Extensive studies [3,4] 
all suggest that the cosmic ray power and energy spectrum can indeed be generated 
with such an efficiency by supernova shock acceleration of suprathermal ions. Heavy 
elements (A > 4) were discovered in the cosmic rays in 1948 and they have since been 
seen all the way up to uranium and possibly above [5].
OB Associations, Supernovae and Superbubbles 
The massive O and B star progenitors (> 8 M) of core collapse supernovae, along 
with most other stars down to ~ 0.1 M are born not in isolation but in factories. These 
are highly compact, star formation regions (Fig. 1), where on the order of 105 stars can 
typically be formed within a few pc in a burst lasting about ~ 1 Myr [6]. These star 
formation  regions  are  formed  in  the  densest  parts  of  giant  molecular  clouds,  but 
become visible  as  bright  OB associations,  when their  intense  radiation  and winds 
ionize  and push  out  the  surrounding gas  and dust.  Of  the  roughly  100 supernova 
progenitors produced in such an association,  the most  massive live only ~ 3 Myr, 
while the least massive last ~ 35 Myr, before exothermic nuclear burning ceases after 
Si has burned to Ni [7]. Then about 2 M of the core collapses to form a neutron star 
and the rest  of the overlying material  is  blasted off  in type  II  and Ib/c  supernova 
explosions, which account for ~ 85 % of all Galactic supernovae [2]. 
      
Fig. 1 Typical ~1pc Star Forming Region        Fig. 2 ~100 pc Cygnus Superbubble in
          Shown by Bright O & B Stars                  10-100 Gev γ-Rays from Fermi [11] 
Since the mean dispersion velocities of these new-born progenitors is only ~ 2 km/s 
[8], or ~ 2 pc/Myr, all of their supernovae occur within a radius of < 80 pc. Thus their 
intense radiation driven winds and supernova ejecta merge to blow a hot (~ 106 K), 
tenuous (~ 10-3 H/cm3) superbubble that grows with time around each OB association 
as the dominant O stars burn out. Within such superbubbles the shocks generated by 
the expanding ejecta of individual supernovae can reach out to radii of ~100 pc before 
they become subsonic. Thus each shock sweeps through essentially all of the ejecta of 
the  previous  supernovae  and  winds,  accelerating  new  cosmic  rays  and  further 
accelerating older ones in the supernova-active cores of these superbubbles [9]. 
The mean occurrence rate of supernovae in such superbubbles is about one every 
0.3 Myr [6], which is also quiet consistent with the critical constraint [10], set by the 
decay of 59Ni through electron capture to 59Co, that the bulk of the cosmic rays cannot 
be accelerated out of ejecta younger than the 59Ni decay meanlife of ~ 0.1 Myr. Any 
earlier acceleration to cosmic ray energies would strip away the bound electrons and 
stop the 59Ni decay by election capture.    
With  the  recent  Fermi  observations  of  10-100  GeV  gamma  rays  produced  by 
cosmic ray interactions with ambient gas, we can for the first time clearly see (Fig. 2) 
one such large (~ 100 pc), cosmic-ray filled and illuminated superbubble in the nearby 
(~ 1 kpc) Cygnus X region, generated by one of the biggest Galactic OB associations 
[11].
The core collapse supernovae and winds of the OB stars are also the source of 
nearly all  the heavy (A>4) elements  in the Galaxy [12], and these are all  initially 
injected  and  mixed  into  the  interstellar  gas  in  the  cores  of  the  surrounding 
superbubbles [13]. Each of these progenitors produce an average supernova and wind 
ejecta mass [12] of ~ 18 M/SN with a metallicity Zej ~ 10 Z ~ 8 Zism that mixes with 
interstellar (~ 1.3 Z) gas and dust to produce a superbubble core metallicity Zsb  ~ 3 
Z, as we show below. This is the initial phase of the mixing of newly synthesized 
elements into the interstellar medium and it is out of this material that the cosmic rays 
are accelerated [13].   
Since ~ 85 % of all Galactic supernovae are core collapse, SN II and Ib/c, and ~ 94 
%  of  all  core  collapse  supernovae  occur  in  superbubbles,  formed  by  at  least  5 
supernovae, such superbubbles contain a fraction F ~ 80 % of all Galactic supernovae 
[13]. The shocks generated by core collapse and thermonuclear, SN Ia, both contain 
roughly equal energy,  ~ 1051  ergs, so the core collapse shocks in tenuous ( ~ 10-3 
H/cm3)  superbubbles  expand out  to  ~ 100 pc before they become subsonic,  while 
those from thermonuclear explosions occurring in the denser (~ 1 H/cm3) interstellar 
medium only expand to ~ 10 pc before enough gas enough gas piles up at the shock, 
that  its  energy  is  quickly  radiated  away  [6].  Thus,  both  shocks  sweep  through  a 
comparable  mass  of  gas,  so that  >  80 % of  the  cosmic  ray H and He nuclei  are 
accelerated in superbubbles versus < 20 % in the average interstellar medium, because 
of both multiple-shock acceleration and more efficient shock acceleration in the lower 
density superbubbles [3].
The superbubble contribution to heavier (A > 4) elements, however, is even bigger, 
because the metallicity of the gas and dust in superbubbles is Z ~ 2.5 times that in the 
average  interstellar  medium.  So  even  though  supernova  shocks  sweep  through 
comparable total masses of gas in the superbubbles and the interstellar medium, those 
in superbubbles go through ~ 2.5 times the mass of heavy (A > 4) elements as those in 
the interstellar medium. Thus the fraction of cosmic ray heavy elements accelerated in 
superbubbles is > 90 %, or ~ ZF/(ZF + 1 – F), for Z  ~ 2.5 and F ~ 0.8 [13].
Cosmic Ray Composition and Superbubble Mixing 
The cosmic ray “source” composition, which has been determined from the locally 
measured  composition  by  correcting  for  spallation  interactions  during  propagation 
through the interstellar medium, is very different from solar abundances and that in the 
mean  interstellar  gas  and  dust  [14].  These  differences  (Fig.  3)  provide  critical, 
independent measures of both how and where the cosmic rays are accelerated and how 
and where the newly synthesized material from supernovae and their progenitor winds 
is first mixed into the interstellar medium. 
                            
                     Fig. 3 Cosmic Ray Source vs. Solar Composition [13,15]
The  largest  difference  is  the  cosmic  ray  enrichment  by  a  factor  of  20  to  30 
compared to solar in the abundances of refractory elements. These refractory oxides 
rapidly (< 30 yr) condense out of the adiabatically expanding and cooling winds and 
ejecta [16] to form high velocity dust grains once the co-moving plasma temperature 
drops below ~ 1250 K. This enrichment of refractories indicates that these nuclei were 
preferentially  accelerated  because  they  were  injected  into  accelerating  shocks  as 
suprathermal  ions,  resulting  from  the  breakup  of  fast  refractory  dust  grains  by 
sputtering  in  ambient  plasma  in  the  shocks  [15,17],  while  the  charged  grains 
themselves can also be further accelerated by shocks [4]. Similarly the strong mass A 
dependence of the heavy volatile elements, whose compounds remain in the plasma at 
these,  and  even  much  lower,  temperatures,  can  also  be  selectively  injected  as 
suprathermal  ions at  the grain velocity by the strongly charge dependent Coulomb 
scattering [18] in those same interactions of the fast dust and plasma [13]. Lastly, the 
intermediate enrichment of C and O is also consistent with suprathermal injection by 
grain sputtering reflecting their abundance in the refractory oxides and graphite [13].
The  other  very  significant  cosmic  ray  enrichments  in  22Ne/20Ne,  Si/Fe,  ThU/Pt 
group and overall N thru Sr abundances (Table 1) each provide independent measures 
of both the initial mixing ratio of the mass of supernova ejecta and progenitor winds 
relative to that of the ambient interstellar medium in the superbubble cores and the 
resulting metallicity from which the cosmic rays are accelerated. These local (< 1  kpc, 
< 20 Myr) cosmic ray source values, as well as those inferred from old halo star Be/Fe 
produced primarily by cosmic ray CNO spallation extending out to ~ 10 kpc and back 
~ 10 Gyr, are all consistent with a single mixing ratio of roughly 20 % by mass of 
ejecta and winds of freshly synthesized material mixed with ~ 80 % older ambient 
interstellar medium in the cores of superbubbles, creating a mix with a metallicity of ~ 
2.6 times solar that is essentially constant throughout the Galaxy over the past 10 Gyr.
     Table 1. Cosmic Ray Measures of Superbubble Core Metallicity [19]
    Measurement Duration
    Span
Distance
   Span
CR Energy
  GeV/nuc
Ejecta Mass /
    SB Core
SB / Solar
Metallicity
Old Star Be/Fe ~ 10 Gyr ~ 10 kpc  ~ 0.1-10     >15 %
   29 ±15 %
     > 2
 3.3 ± 1.6
CR 22Ne/20Ne ~ 20 Myr ~ 1-2 kpc   ~ 0.1-1    18 ± 5 %
   20 ± 5 %
 2.9 ± 0.4
 2.6 ± 0.5
CR Si/Fe ~ 20 Myr ~ 1-2 kpc   ~ 0.1-1    17 ± 5 %  2.8 ± 0.4
CR N thru Sr ~ 20 Myr ~ 1-2 kpc ~ 0.1-3000    20 ± 5 %
   20 ± 5 %
 2.6 ± 0.5
 2.6 ± 0.5 
CR ThU/PtGroup  ~ 1 Myr ~ 0.3 kpc   ~ 0.1-1   27 ± 11 %  3.6 ± 0.8
     Thus extensive astronomical observations of star formation regions and the  cosmic 
ray’s very unusual composition both provide compelling evidence that the cosmic rays 
are primarily accelerated by supernova shocks in the core of superbubbles.  We can 
now move forward with much more realistic 3-D modeling of cosmic ray propagation.
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